ABSTRACT Autophagy maintains cellular homeostasis by degrading organelles, proteins, and lipids in lysosomes. Autophagy is involved in the innate and adaptive immune responses to a variety of pathogens. Some viruses can hijack host autophagy to enhance their replication. However, the role of autophagy in porcine reproductive and respiratory syndrome virus (PRRSV) infection is unclear. Here, we show that N-Myc downstream-regulated gene 1 (NDRG1) deficiency induced autophagy, which facilitated PRRSV replication by regulating lipid metabolism. NDRG1 mRNA is expressed ubiquitously in most porcine tissues and most strongly in white adipose tissue. PRRSV infection downregulated the expression of NDRG1 mRNA and protein, while NDRG1 deficiency contributed to PRRSV RNA replication and progeny virus assembly. NDRG1 deficiency reduced the number of intracellular lipid droplets (LDs), but the expression levels of key genes in lipogenesis and lipolysis were not altered. Our results also show that NDRG1 deficiency promoted autophagy and increased the subsequent yields of hydrolyzed free fatty acids (FFAs). The reduced LD numbers, increased FFA levels, and enhanced PRRSV replication were abrogated in the presence of an autophagy inhibitor. Overall, our findings suggest that NDRG1 plays a negative role in PRRSV replication by suppressing autophagy and LD degradation.
evolved a means to subvert the host autophagic response to ensure their survival or replication (41) . Dengue virus (DENV) (37) , poliovirus (42) , HCV (43) , and coxsackievirus B3 (44) , have been shown to require cellular autophagy for their efficient replication. Markers of poliovirus replication colocalize with autophagosomes in infected cells (45) . Furthermore, studies have shown that PRRSV utilizes autophagy to facilitate viral replication. Sun et al. have found that PRRSV induces incomplete autophagy, and this inhibition of autophagosome and lysosome fusion leads to an accumulation of autophagosomes, which may serve as replication sites that enhance PRRSV replication (46) . Liu et al. have demonstrated that induction of autophagy by rapamycin significantly enhances the viral titers of PRRSV. However, they have also shown that functional autolysosomes can form after PRRSV infection, and an autophagosome-lysosome fusion inhibitor decreases viral titers, thus suggesting that PRRSV induces complete autophagy (47) . Regarding the mechanism through which autophagy participates in viral replication, Zhou et al. have shown that autophagy can postpone PRRSV-induced apoptosis in MARC-145 cells through Bad-Beclin1 interactions (48) . More investigations must be conducted to provide additional evidence regarding the specific mechanisms of autophagy involved in PRRSV proliferation.
Here, we examined the contribution of autophagy to lipid catabolism and the consequences of this autophagic function for PRRSV replication. We demonstrate that PRRSV infection reduces NDRG1 expression, which leads to the autophagy-dependent processing of LDs and the release of FFAs. Our results demonstrate the role of autophagy in PRRSV infection and provide a mechanism in which the virus adapts cellular lipid metabolism to promote its replication.
RESULTS
Expression profile of porcine NDRG1. To characterize the role of NDRG1 in PRRSV replication, we first searched for the predicted coding DNA sequence (CDS) of NDRG1 (GenBank accession number XP_020944534) in the National Center for Biotechnology Information (NCBI) database. Porcine NDRG1 contains 384 amino acid residues and shares 96%, 92%, and 93% sequence identity at the amino acid level with its bovine, mouse, and human orthologues, respectively. A sequence alignment of the NDRG1 phosphorylation sites showed that the phosphorylation sites at Ser330 and Thr346, which are reportedly important for NDRG1 activity (29) , are highly conserved in the human, mouse, bovine, and porcine genomes (data not shown). In a phylogenetic analysis, porcine, bovine, and sperm whale NDRG1 clustered together (Fig. 1A) . A semiquantitative reverse transcription-PCR (RT-PCR) analysis indicated that NDRG1 was ubiquitously expressed in all the pig tissues examined, and the highest level of NDRG1 mRNA was detected in white adipose tissue (Fig. 1B) . However, previous studies have shown that although NDRG1 mRNA is ubiquitously expressed in most human tissues, it is expressed most strongly in epithelial cells (49, 50) , suggesting that the function of NDRG1 differs among species. Taken together, our data suggest that porcine NDRG1 may have a specific function related to fatty acid (FA) metabolism in white adipose tissue.
PRRSV infection downregulates NDRG1 expression. To evaluate the expression levels of NDRG1 in response to PRRSV infection, MARC-145 cells were infected with PRRSV BJ-4 for 6, 12, 24, 36, or 48 h, and cells were then processed to measure the NDRG1 mRNA and protein levels. As shown in Fig. 2A , PRRSV infection caused a gradual reduction in NDRG1 mRNA levels compared with those in the uninfected control group. Consistent with the mRNA levels, NDRG1 protein expression, detected with an NDRG1-specific antibody, was also downregulated (Fig. 2B) . PRRSV-infected cells displayed strongly reduced NDRG1 levels at 12 h postinfection, the PRRSV N protein (PRRSV-N) was detectable simultaneously at 12 h postinfection, and its levels peaked at 48 h, which correlated with the observed decline in the NDRG1 levels. Consistently, we observed the same effect, in which PRRSV infection suppressed the expression of NDRG1 on porcine alveolar macrophages (PAMs) (Fig. 2C ) and 3D4/21 cells expressing CD163 (Fig. 2D) . We confirmed this phenotype by immunofluorescence using confocal microscopy and observed a substantial reduction in NDRG1 staining in cells positive for the PRRSV N protein (Fig. 2E , white dotted lines) relative to that in adjacent uninfected cells (Fig. 2E, asterisks) . Quantification of the mean fluorescence intensity revealed a significant reduction in NDRG1 in the N-protein-positive cells. Taken together, these data indicate that PRRSV infection suppressed the expression of NDRG1.
Knockdown of NDRG1 increases PRRSV replication. To determine the role of NDRG1 in PRRSV replication, lentivirus-delivered short hairpin RNAs (shRNAs) were used to stably knock down NDRG1. All the cells transfected with shRNA targeting NDRG1 (sh-NDRG1) displayed significant reductions in their NDRG1 mRNA levels compared with MARC-145 and control shRNA (sh-control)-transfected cells (Fig. 3A) . The knockdown efficiency was confirmed by immunoblotting, which indicated a 60% to 70% reduction in the NDRG1 protein levels (Fig. 3B ). Cell viability, measured using a cell counting kit (CCK) assay, demonstrated that the knockdown of NDRG1 had no effect on the growth of MARC-145 cells (Fig. 3C) . These cells were then infected with PRRSV BJ-4 for 48 h. To examine PRRSV replication, the viral RNA was (Continued on next page) isolated and quantified by RT-quantitative PCR (qPCR). We confirmed that NDRG1 knockdown significantly increased the mRNA levels of open reading frame 7 (ORF7) in sh-NDRG1 cells compared with the levels in control cells (Fig. 3D) . Furthermore, the amounts of viral N protein production clearly increased at 48 h postinfection ( Fig. 3E and F) . Flow cytometry was used to analyze the replication of PRRSV-GFP (green fluorescent protein). As shown in Fig. 3G , the proportion of GFP-positive cells (red peaks) was significantly greater in the NDRG1 knockdown groups (21.68% and 23.41%) than in the control groups (11.54% and 11.87%, respectively; P Ͻ 0.0001). Fluorescence microscopy also showed more pronounced PRRSV-mediated GFP expression in the sh-NDRG1 cells (Fig. 3H) . The increase in PRRSV production was confirmed by measuring the viral titers in cells expressing sh-NDRG1 (Fig. 3I) . Next, we determined the growth curves of PRRSV BJ-4 in MARC-145 and NDRG1 knockdown cells. The growth rate and titer of PRRSV in NDRG1 knockdown cells were higher than those in control cells (Fig. 3J) . To further confirm these phenotypes, we used CRISPR/Cas9 technology to specifically target exon 4 of the NDRG1 gene in MARC-145 cells. A cell viability assay showed that NDRG1 knockout did not affect the growth of MARC-145 cells (Fig. 3K) , and the results demonstrated that the expression of PRRSV-N ( Fig. 3L ) and the titer ( NDRG1 overexpression inhibits PRRSV replication. The results described above suggest that NDRG1 restricts PRRSV replication. To confirm the negative role of NDRG1 in PRRSV replication, MARC-145 cells were transfected with various concentrations of a plasmid encoding FLAG-NDRG1 or the empty vector for 24 h and then infected with PRRSV BJ-4. RT-qPCR and immunoblot analysis indicated that the increase in NDRG1 protein levels abrogated the amounts of PRRSV mRNA (Fig. 4A ) and protein (Fig. 4B) produced. We also confirmed this phenotype by fluorescence confocal microscopy and observed substantial reductions in PRRSV-mediated GFP expression in cells positive for mCherry-NDRG1 (Fig. 4C , white dotted lines) compared with that in the adjacent uninfected cells (Fig. 4C, arrowheads) . Cells transfected with the empty mCherry-C1 vector had no effect on PRRSV replication (Fig. 4C, asterisks) . Quantification of the mean fluorescence intensity revealed a significant reduction in the GFP signal in the mCherry-NDRG1-positive cells (n ϭ 40) (Fig. 4D) . The titer assay also indicated that overexpression of NDRG1 reduced the viral titer and exhibited a dose-dependent effect (Fig. 4E) . Together, these results highlight the negative role of NDRG1 in PRRSV replication.
NDRG1 restricts PRRSV RNA replication and viral assembly. We next investigated the impact of NDRG1 knockdown on the stages of the PRRSV life cycle. Cells expressing sh-control or sh-NDRG1 were incubated on ice with a high multiplicity of infection (MOI) of PRRSV for 1 h, and viral binding was assayed by RT-qPCR. We saw no significant differences between viral binding to sh-control-expressing cells and cells depleted of NDRG1; the levels of binding were virtually indistinguishable (Fig. 5A ). To determine whether NDRG1 deficiency affected viral internalization, cells were incubated with PRRSV on ice and then shifted to 37°C for 2 h. Viral internalization was then assayed by RT-qPCR. As shown in Fig. 5B , no significant change in viral entry into sh-NDRG1 cells was observed after a temperature shift to 37°C for 2 h. To examine PRRSV replication, cells were infected with PRRSV for 6, 12, or 24 h and then fixed and stained for double-stranded RNA (dsRNA), as a marker of viral replication (Fig. 5C ). NDRG1 knockdown significantly increased PRRSV dsRNA levels as early as 6 h in the sh-NDRG1-transfected cells (10 random fields of view; n Ͼ 100 cells each). The numbers of cells that stained positive for dsRNA were also larger than in the control cells at 12 and 24 h (Fig. 5D ). To further assess the role of NDRG1 in PRRSV particle production, the specific infectivity in the cell supernatants was determined by comparing the infectious titers with the viral RNA levels. There was a significant increase in PRRSV particle production when the cells expressed lentivirus-derived sh-NDRG1 (lenti-sh-NDRG1) (Fig. 5E ). However, the relative amounts of intra-and extracellular infectivity relative to the total infectivity did not change (Fig. 5F ), suggesting that silencing NDRG1 expression affected the assembly but not the release of the PRRSV particles. Therefore, we conclude that NDRG1 depletion predominantly affects PRRSV replication during the PRRSV life cycle, although a secondary effect on particle assembly cannot be excluded.
NDRG1 knockdown reduces cellular LDs. NDRG1 is reported to restrict HCV propagation by regulating LD biogenesis (29) . Therefore, we examined whether LDs were modified in sh-NDRG1-expressing MARC-145 cells using oil red O and BODIPY 493/503 staining. By microscopy, we found that the LD numbers decreased by ϳ70% compared with those in the control cells (P Ͻ 0.0001) (Fig. 6A ). The intensity of LD staining in the cytoplasm of the sh-NDRG1-expressing cells was also substantially reduced ( Fig. 6B ). We hypothesized that this was caused by reduced TG synthesis or enhanced lipolysis. To test this, we examined the expression of key lipogenic genes, including ACC1, FASN, and SCD-1, in the NDRG1 knockdown cells. However, the mRNA levels of ACC1, FASN, and SCD-1, which are involved in fatty acid biosynthesis, were not altered (Fig. 6C) . Therefore, we inferred that NDRG1 deficiency reduced the number of LDs through increased lipolysis. The coordinated breakdown of TGs (lipolysis) is summarized in Fig. 6D . The rate-limiting step is the cleavage of the first ester bond in TGs by adipose triglyceride lipase (ATGL), producing diacylglycerol (DG) and releasing one FA. Hormone-sensitive lipase (HSL) hydrolyzes DG to monoacylglycerol (MG), and monoglyceride lipase (MGL) then hydrolyzes MG to glycerol and FA. However, the mRNA levels of the lipolysis genes ATGL, HSL, and MGL showed no obvious changes in MARC-145 cells after NDRG1 knockdown (Fig. 6E) . We also assessed the fatty acid synthase (FASN) and ATGL protein levels after NDRG1 depletion, and our results showed that sh-NDRG1 did not significantly affect the protein levels of FASN or ATGL (Fig. 6F) . In summary, NDRG1 plays an important role in regulating lipid storage, and its deficiency reduces lipid storage, but the expression levels of key lipogenic and lipolytic After the cells were washed with PBS, the viral RNA was isolated and quantified by RT-qPCR with ORF7-specific primers. NS, not significant (by an unpaired two-tailed t test). (B) PRRSV BJ-4 (MOI ϭ 10) was allowed to bind to the surfaces of sh-control and sh-NDRG1 cells on ice for 1 h (binding), and cells were then shifted to 37°C for 2 h (internalization). Intracellular viral RNA was isolated and quantified by RT-qPCR using ORF7-specific primers. NS, not significant (by an unpaired two-tailed t test). (C) Cells were infected with PRRSV BJ-4 at an MOI of 10 for the indicated times, before the cells were fixed and stained for double-stranded RNA (dsRNA) and with DAPI. Random fields of view were recorded with a confocal microscope. (D) Fluorescence intensities of dsRNA in panel C were quantified in cells containing PRRSV dsRNA. (E) Cells were infected with PRRSV BJ-4 at an MOI of 10 for 24 h. The efficiency of viral assembly in the supernatants was determined by comparing the infectious titers (TCID 50 per milliliter) with the total PRRSV genome equivalents (GE). *, P Ͻ 0.05 (by an unpaired two-tailed t test). (F) Cells were infected with PRRSV BJ-4 at an MOI of 10 for 24 h. The efficiency of virus secretion was determined as the ratio of intra-and extracellular infectivity relative to the total infectivity. NS, not significant (by an unpaired two-tailed t test). NDRG1 depletion promotes autophagy and increases cellular FFA levels. Autophagy is a cellular recycling mechanism that provides cells with a source of energy during periods of nutrient insufficiency (51) . Recent studies have shown a role of autophagy in LD breakdown, thus providing energy more efficiently from the hydrolyzed FFAs (52) (53) (54) . The direct contribution of autophagy-mediated lipid mobilization is termed "lipophagy." Because lipophagy is involved in LD catabolism (55), we investigated the links between the reduced LD numbers and autophagy or lipophagy in sh-NDRG1 cells. Microtubule-associated protein light chain 3-II (LC3-II), the phosphatidylethanolamine-conjugated form of LC3, is present in autophagosomes and is therefore commonly used as a marker of autophagosome formation. Cytoplasmic LC3 puncta are characteristic of autophagosomal membrane formation. Therefore, we examined whether NDRG1 deficiency induced LC3 puncta by ectopically expressing GFP-LC3 from a plasmid in cells. As shown in Fig. 7A , GFP-LC3 showed a diffuse distribution pattern in MARC-145 and control cells, whereas it was arranged as punctuate cytoplasmic dots in the sh-NDRG1-and sg-NDRG1-expressing cells. To measure autophagic flux, we used the tandem GFP-red fluorescent protein (RFP)-LC3 sensor (56), which contains acid-labile GFP and acid-resistant RFP, to distinguish autophagosomal and autolysosomal localizations. In this assay, GFP-and RFP-tagged LC3 detected autophagosomes, whereas RFP detected only autolysosomes because GFP is denatured in the acidic environment of the autolysosome. Thus, in the superimposed fluorescence images, yellow dots represent autophagosomes, and red dots represent autolysosomes. We observed an increased RFP signal relative to the GFP signal in response to NDRG1 deficiency, indicating enhanced autophagic flux after the depletion of NDRG1 (Fig. 7B) . NDRG1 deficiency increased LC3-II formation but decreased SQSTM1 relative to its levels in MARC-145 and sh/sg-control cells (Fig. 7C and D) , thus suggesting that the autophagy pathway was activated in the NDRG1-deficient cells. Because autophagy has been implicated in the lipolysis of LDs, we investigated whether NDRG1 deficiencyinduced autophagy promoted the production of FFAs. Notably, the amount of total cellular FFAs was significantly larger in the NDRG1 knockdown and knockout cells than in the control cells (Fig. 7E) . Collectively, these findings support the proposition that NDRG1 deficiency promotes autophagy and consequently increases the yield of hydrolyzed FFAs.
Autophagy is required for LD depletion and increased PRRSV replication. We next tested whether autophagy is required for the changes in LD numbers and the promotion of PRRSV replication in sh/sg-NDRG1-expressing cells. Cells were transfected with the GFP-LC3-expressing plasmid, as described above, and treated with 3-methyladenine (3-MA), a well-characterized inhibitor of autophagy. The effects of 3-MA on autophagy were detected as the formation of cytoplasmic LC3 puncta by fluorescence microscopy. In the vehicle-treated NDRG1 knockdown and knockout cells, the number of LC3 puncta was significantly elevated, whereas in the cells treated with 3-MA, the number of puncta was reduced (Fig. 8A) . These results indicate that the autophagy induced by NDRG1 deficiency was inhibited by pharmacological treatment. To further examine NDRG1 function, we measured the amount of LDs in the presence of 3-MA. In dimethyl sulfoxide (DMSO)-treated cells, the LD number was again lower in sh/sg-NDRG1-expressing cells than in MARC-145 and sh/sg-control cells. The inhibition of autophagy significantly increased the areas of LDs in the NDRG1-deficient cells (Fig.  8B) . To examine the potential effect of autophagy on the yield of cellular FFAs, we treated cells with 3-MA. FFAs were depleted in the sh/sg-NDRG1-expressing cells after autophagy was inhibited by 3-MA treatment (Fig. 8C) . Next, PRRSV replication was analyzed in the presence of 3-MA. MARC-145 and sh/sg-NDRG1-expressing cells were pretreated with DMSO or 3-MA for 24 h before they were infected with PRRSV BJ-4. The titer assay results showed that 3-MA treatment significantly abrogated the increased viral replication in NDRG1-deficient cells (Fig. 8D and E) . Similarly, 3-MA treatment also significantly decreased the proliferation of PRRSV-GFP in NDRG1-deficient cells (Fig. 8F  and G) . Collectively, these findings confirm that autophagy plays a critical role in the lipolysis of LDs and in PRRSV replication.
DISCUSSION
Viruses hijack host cellular components and metabolic networks to improve their survival. The host factors that are responsive to viral infection and regulate such metabolic changes are largely unknown. However, knowledge of these factors is essential for understanding viral infection and can offer potential targets for antiviral therapies. NDRG1 has been implicated in many cellular functions, including stress responses (17), cell growth (19), cell differentiation (18), vesicular trafficking (21), apoptosis (22) , and autophagy (28) . It is also reported to restrict HCV propagation (29) but to facilitate IAV replication (30) . Therefore, the molecular mechanisms underlying the involvement of NDRG1 in viral replication vary markedly. In this study, we identified a function of NDRG1 in PRRSV infection insofar as it regulates lipid metabolism by regulating autophagy.
We have shown that NDRG1 mRNA is ubiquitously expressed in different pig tissues but most strongly in white adipose tissue (Fig. 1) , suggesting that NDRG1 may be involved in lipid metabolism. Previous research has shown that NDRG1 plays an important role in cholesterol metabolism (57) . Low-density lipoprotein (LDL) particles are transported to lysosomes for hydrolysis into free cholesterol, which is then released by Niemann-Pick type C2 (NPC2) and NPC1. Interestingly, a genomewide expression analysis of fibroblasts derived from a patient with Niemann-Pick type C disease showed that NDRG1 mRNA levels were elevated (58) . Moreover, RNA interference (RNAi) screening focusing on cellular lipid biogenesis suggested that NDRG1 affects cholesterol homeostasis (59) . Furthermore, silencing of NDRG1 in epithelial cells reduced the uptake of LDL, suggesting that NDRG1 functions in LDL receptor trafficking by regulating endosomal recycling and degradation (57) . However, the mechanisms by which NDRG1 regulates cholesterol and lipid homeostasis remain unknown. At the subcellular level, our fluorescence analysis indicated that NDRG1 does not colocalize with peroxisomes, lysosomes, actin, or mitochondria but mainly colocalizes with the ER (data not shown). This observation is consistent with the finding that NDRG1 is a predominantly cytosolic protein, expressed ubiquitously in normal and neoplastic tissues (60) . The ER is an organelle involved in protein synthesis and modification, so it also plays an essential role in viral replication and maturation. In the course of virus proliferation, large amounts of viral proteins are synthesized, and unfolded or misfolded proteins cause ER stress. During hepatitis B virus (HBV) and HCV infection, the virus triggers autophagosome formation by inducing ER stress (61, 62) . It has been demonstrated that NDRG1 overexpression inhibits the initiation of basal autophagy and the ER-stress-mediated autophagy pathway in cancer cells (28) . This implies a close relationship between the ER localization of NDRG1 and its function in suppressing ER-stress-mediated autophagy. Thus, the subcellular localization of NDRG1 on the ER may help us understand its function.
In this study, we have shown that PRRSV infection reduces NDRG1 mRNA and protein expression (Fig. 2) . The NDRG1 deficiency increased PRRSV replication (Fig. 3) , whereas the overexpression of NDRG1 reduced viral RNA and protein production (Fig.  4) , suggesting that NDRG1 acts as a limiting factor for PRRSV infection. Interestingly, it has been reported that NDRG1 is associated with viral proliferation, but it has different functions in HCV and IAV replication. HCV is an enveloped, single-stranded, positivesense RNA virus, and NDRG1 restricts HCV assembly by limiting LD formation. HCV counteracts this intrinsic antiviral mechanism by downregulating NDRG1 via a MYCdependent mechanism (29) . Conversely, the IAVs are enveloped viruses with a singlestranded, negative-sense RNA genome, and recent evidence suggests that NDRG1 plays a positive role in avian influenza (highly pathogenic avian influenza [HPAI]) A/H5N1 virus replication by suppressing the canonical NF-B signaling pathway (30) . PRRSV is an enveloped, single-stranded, positive-sense RNA virus, and we have shown that NDRG1 plays a negative role in PRRSV replication. The distinct functions of NDRG1 in the positive-and negative-stranded RNA viruses prompt the suggestion that NDRG1 inhibits the replication of positive-stranded viruses and promotes the replication of negative-stranded viruses. If so, what role does NDRG1 play in the pathogenesis of DNA viruses? These questions must be addressed in future research.
Various viruses hijack host LDs to complete their own life cycles. HCV (63), rotaviruses (64) , and DENV (65) are known to use LDs as platforms for viral assembly. Because they contain hydrophobic neutral lipids at their cores, LDs are an efficient storage site for energy (34) . DENV replication activates the autophagic pathway to mobilize the FFAs from LDs. The FFAs released from LDs are consumed by oxidation in mitochondria to generate ATP, which is a tremendous reservoir that supplies energy for viral replication (37) . In previous studies, it has been reported that PRRSV enters cells via a receptor-mediated mechanism. However, R. Guo et al. found that PRRSV can also use intercellular nanotubes for transporting infectious viral materials (viral RNA, certain replicases, and certain structural proteins) into the cytosol of a neighboring cell (66) . Our findings show that NDRG1 depletion enhances PRRSV RNA replication and progeny virus assembly (Fig. 5) . Therefore, these increased RNAs and progeny viruses by reduced NDRG1 expression may increase PRRSV infection by enhancing cell-to-cell spread.
It has also been shown that LD numbers were significantly increased in NDRG1 knockdown Huh7 (hepatocarcinoma) cells (29) . Therefore, we assessed whether the loss of NDRG1 affects the fatty acid metabolism of cultured monkey kidney (MARC-145) cells. As shown in Fig. 6 , LD numbers and their fluorescence intensity were substantially reduced in NDRG1-deficient cells. To confirm our results, six different shRNAs were designed to target NDRG1, and all produced the same phenotype of reduced LD numbers (the data for the other four shRNAs are not shown). It is possible that these conflicting results are attributable to the different cell types examined in each study. Huh7 cells are liver cancer cells and MARC-145 cells are monkey kidney cells, and the differences between cancer cells and normal cells are vast. We also demonstrated here that the function of NDRG1 in lipid metabolism does not seem to be mediated by the expression of key lipogenic or lipolytic genes (Fig. 6C to F) . Therefore, it is important to understand the functions of NDRG1 in different cell types and the roles that it plays in lipid metabolism and viral replication.
An association between autophagy and lipolysis has been reported (67, 68) , and the loss of ATG7 causes LDs to accumulate in hepatocytes (69) . In this study, we identified a new function of NDRG1 in regulating autophagy and lipid metabolism. Fluorescence and immunoblot analyses indicated that NDRG1 deficiency led to the activation of autophagic flux and increased the intracellular FFA content (Fig. 7) . The inhibition of autophagy by 3-MA restored the spatial area of LDs, reduced the FFA content, and inhibited the promotion of PRRSV replication (Fig. 8) . Therefore, autophagy not only regulates the cellular LD content but also supplies the virus with FFAs to complete its intracellular replication and assembly cycles. The FFAs released from the degradation of TGs undergo mitochondrial ␤-oxidation to produce energy. This process is frequently manipulated by flaviviruses to promote their replication (37) . Our unpublished data also indicate that etomoxir, a drug that inhibits ␤-oxidation by preventing the transport of FFAs into the mitochondria, inhibited PRRSV-GFP replication in a dose-dependent manner. Therefore, NDRG1 is probably a crucial host factor in the nexus of PRRSV infection and the autophagy-mediated processing of cellular LDs.
Overall, our study demonstrates a previously unreported relationship between PRRSV, NDRG1, and lipophagy in the context of viral infection. Our model indicates that PRRSV infection reduces NDRG1 expression and that the loss of NDRG1 induces autophagic flux. Lipophagy degrades LDs to produce the FFAs required to increase the viral yield (Fig. 9 ). NDRG1 appears to restrict PRRSV infection by suppressing the LD degradation that is necessary for PRRSV replication. PRRSV has evolved a mechanism to counteract this restriction by downregulating NDRG1 expression, resulting in enhanced lipophagy. Thus, NDRG1-deficient cells could be used in vaccine production instead of traditional cells because they allow a higher viral titer to be achieved. Further work is required to determine the relationship between NDRG1 and the pathogenesis of PRRSV, to promote the development of novel antiviral strategies against PRRSV infection. Plasmids and transient transfection. The coding sequence of porcine NDRG1 was amplified from porcine white adipose cDNA and cloned into the p3ϫFLAG-CMV-10 (Sigma, St. Louis, MO) or pmCherry-C1 plasmid. The primers are listed in Table 1 . The plasmids pEGFP-LC3 (catalogue number 24920) and pMRX-IP-GFP-LC3-RFP (catalogue number 84573) were purchased from Addgene (Cambridge, MA, USA). All plasmids were transfected with Lipofectamine 3000 (Invitrogen, Grand Island, NY), according to the manufacturer's instructions.
MATERIALS AND METHODS

Materials. We obtained SYBR premix Ex
Cells, viruses, and tissues. MARC-145, HEK293T, and 3D4/21-CD163 (generated through lentivirusmediated overexpression of porcine CD163) cells were grown in monolayers at 37°C under 5% CO 2 and maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY) containing 100 U/ml penicillin and 100 g/ml streptomycin sulfate, which was supplemented with 10% heat-inactivated fetal bovine serum (FBS; PAN, Aidenbach, Germany). Porcine alveolar macrophages (PAMs) were obtained from 6-week-old PRRSV-negative piglets through a lung lavage method, as described previously (70) , and cultured in RPMI 1640 supplemented with 10% FBS and penicillin-streptomycin.
The recombinant PRRSV-GFP strain (71) was kindly donated by En-Min Zhou from Northwest A&F University (Yangling, Shaanxi, China). The PRRSV BJ-4 strain was used as described previously (72) .
Male 30-day-old Sanyuan pigs (three-way crossbreeds [Landrace ϫ Largewhite ϫ Duroc]) seronegative for porcine circovirus type 2, PRRSV, and mycoplasma (73) were sacrificed to obtain the experimental tissues, including the liver, heart, spleen, kidney, lymph nodes, skin, white adipose tissue, muscle, duodenum, jejunum, ileum, and cecum. All tissues were immediately snap-frozen in liquid nitrogen, stored at Ϫ80°C, and used as described previously (74) . All animal procedures were authorized and supervised according to rules that were approved by the State Council of the People's Republic of China for experimental animal care and use.
Immunoblot analysis. Whole-cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM MgCl 2 ) supplemented with protease inhibitors (Roche). Protein samples were separated by SDS-PAGE and then transferred to cellulose nitrate membranes. After incubation in 5% nonfat milk for 30 min, the membrane was incubated with the primary antibody overnight at 4°C and then with the horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The target proteins were detected with the Luminata Crescendo immunoblotting HRP substrate (Millipore, Billerica, MA). Each experiment was repeated at least three times using separate batches of cells.
Immunofluorescence. Cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) for 30 min, permeabilized in 0.1% Triton X-100, and then incubated with phosphate-buffered saline (PBS) containing 10% FBS (10% FBS-PBS) with the primary antibody (1:500) for 1 h at room temperature. After the cells were washed three times with PBS, they were labeled with 10% FBS-PBS containing the fluorescent secondary antibody (1:500) for 1 h. Images were acquired using a Zeiss LSM710 confocal microscope. Digital images were taken with ZEN 2012 software and processed with ImageJ (National Institutes of Health). The images were quantified with ImageJ and a set of defined intensity thresholds that were applied to all images.
Reverse transcription-quantitative PCR. Total RNA was extracted from cells or 1 ml of the cell culture supernatant with TRIzol reagent or the TIANamp virus RNA/DNA kit, respectively. The RNA was then reverse transcribed into cDNA with an oligo(dT) or random hexamer primer. qPCR was performed with the Eppendorf Mastercycler ep realplex real-time PCR system, according to the manufacturer's protocol. All reactions were performed in triplicate, and the relative amounts of mRNAs were calculated with the comparative threshold cycle (C T ) method. The results obtained were representative of data from three independent experiments. Serial 10-fold dilutions of a plasmid containing PRRSV open reading frame 7 (ORF7), which encodes the viral N protein, were used to construct a standard curve. The total number of genomic equivalents was determined by comparison with the standard curve.
Production of cells stably expressing NDRG1 shRNA. Short hairpin RNA (shRNA) sequences targeting Chlorocebus sabaeus NDRG1 were selected with BLOCK-iT RNAi designer (Life Technologies, Carlsbad, CA) (sh1 [GCAGGACATCGAGACTTTACA] and sh2 [CCTACATCCTAACTCGATTT] ). Lentiviral particles were then produced. Briefly, 4 ϫ 10 6 human HEK293T cells were plated on 10-cm dishes for 24 h before they were transfected with 1 g of the shRNA-containing pLKO.1 vector, 0.25 g of pMD2.G (envelope-expressing plasmid), and 0.75 g of psPAX2 (packaging-expressing plasmid). Transfection was performed with 3 volumes of Lipofectamine (microliters) to 1 volume of DNA (micrograms). The medium was replaced after 6 h. Viral particles were collected 48 h after transfection and used to infect MARC-145 cells. The infected cells were selected in medium containing 10 g/ml puromycin for 1 week.
CRISPR/Cas9-mediated knockout of NDRG1 in MARC-145 cells. To disrupt the NDRG1 gene, we designed a CRISPR/Cas9 single guide RNA system to target exon 4 of NDRG1, by using the optimized design software at http://crispr.mit.edu. The 20-nucleotide (nt) guide sequence (T1, 5=-GCGCTGTGTGG GACTCCCAA-3=; T2, 5=-GCGTTCACGTCACGCTGTGT-3= or 5=-GCCGTTCACGTCACGCTGTG-3=) was cloned into pLentiCRISPRv2 containing a Cas9 expression cassette. Lentivirus particles harboring Cas9 alone (sg-control) or Cas9/NDRG1 sgRNA (sg-NDRG1) were transduced into MARC-145 cells. After selection with 10 g/ml puromycin, sg-control was pooled, and single clones stably expressing sg-NDRG1 were isolated. To identify the status of genome editing, we performed PCR amplification of the genomic DNA isolated from different clonal cell lines by using primers specific for the target sequence and then performed DNA sequencing. The efficiency of NDRG1 knockout was determined by immunoblotting with NDRG1 antibody.
Cell proliferation assay. Cell viability was evaluated with the cell counting kit (CCK) assay, according to the manufacturer's instructions. In brief, MARC-145 cells and sh-NDRG1-expressing cells were seeded into 96-well plates with 0.8 ϫ 10 4 cells/well for the indicated time periods. CCK (10 l) was then added 50 ) assay was performed to assess viral titration and infectivity. On day 0, MARC-145 cells were seeded in a 96-well plate at a density of 1 ϫ 10 4 cells per well. On day 1, the cells were inoculated with serially 10-fold diluted viruses at 37°C for 1 h. The excess virus inoculum was removed by washing the cells with PBS. Maintenance medium (2% FBS-DMEM; 200 l) was added to each well, and the cells were cultured for a further 3 to 5 days. Cells showing the expected cytopathic effect were counted daily, and the TCID 50 value was calculated with the Reed-Muench method (75) . Each assay was performed in triplicate.
(i) Intracellular infectivity. Cells were washed three times with PBS, scraped, and pelleted by centrifugation at 1,000 ϫ g for 5 min. The cell pellets were subjected to three cycles of freeze-thawing with liquid nitrogen and a thermal block set to 37°C. The cell lysates were centrifuged at 10,000 ϫ g for 10 min at 4°C to remove the cell debris. The titers of infectious virus were expressed as TCID 50 per milliliter after a limiting-dilution assay.
(ii) Extracellular infectivity. To determine the extracellular infectivity of the virus, the supernatants were harvested, filtered through a 0.45-m-pore-size filter, and stored at 4°C. Their infectivity was determined in parallel with a limiting-dilution assay, as described above.
LD staining. Cells were washed with PBS and fixed in 4% PFA for 30 min. After the cells were washed again with PBS, they were stained with oil red O (saturated oil red O solution in isopropanol-water at a 3:2 dilution) for 15 min. The cells were then washed with 70% alcohol for 5 s to remove any background stain, rinsed in double-distilled Millipore water, counterstained with Harris hematoxylin (10 s), washed, mounted, and observed under a light microscope. The LD number was determined with the ImageJ "analyze particles" function (areas of particles of Ͻ0.01 mm 2 were excluded).
The cells were washed with PBS and fixed in 4% PFA for 30 min. After the cells were washed again with PBS, they were incubated with 2 g/ml BODIPY 493/503 (493-nm excitation/503-nm emission) for 30 min. Digital images were obtained with a Zeiss LSM710 confocal microscope. Fluorescence intensity was determined with ImageJ software.
Flow cytometry. MARC-145 and NDRG1 shRNA-expressing cells were infected with PRRSV-green fluorescent protein (PRRSV-GFP) at a multiplicity of infection (MOI) of 10. Forty-eight hours after viral infection, the cells were washed with PBS and digested with a trypsin-EDTA solution. The cells were then collected by centrifugation, washed twice with ice-cold PBS, and resuspended in 0.4 ml of fresh PBS. A flow cytometric analysis was performed to monitor the GFP-positive cells using a Beckman CytoFLEX flow cytometer. All data were analyzed with CytExpert software.
Determination of intracellular FFAs. FFAs were measured with the LabAssay NEFA kit (Wako). The intracellular FFAs assay was performed according to the manufacturer's instructions. In brief, after infection or treatment, the cell lysates were extracted with a syringe needle in 250 l of RIPA buffer and centrifuged at 12,000 ϫ g for 5 min at 4°C. The total lipids in 200 l of the lysate were extracted by the addition of 100 l of a chloroform-methanol (2:1, vol/vol) mixture. The extract was evaporated to dryness and dissolved in 50 l of TRB (100 mM KH 2 PO 4 , 100 mM K 2 HPO 4 , 5 mM sodium cholate, 50 mM NaCl, 0.1% Triton X-100 [pH 7.4]) for the FFA assay. The values were normalized to the total cellular protein content, which was determined with a Bio-Rad protein assay kit (catalogue number 5000001).
Statistical analysis. Data were obtained from at least three independent experiments for the quantitative analyses and are expressed as means Ϯ standard errors of the means. All statistical analyses were performed with a t test or one-way analysis of variance (ANOVA). Significant differences were accepted at P values of Ͻ0.05, Ͻ0.01, and Ͻ0.0001 versus the corresponding controls.
